Phytoplankton, an assemblage of suspended, primarily autotrophic single cells and colonies, forms part of the base of the pelagic food chain in lakes. The responses of phytoplankton to anthropogenic pressures frequently provide the most visible indication of a long-term change in water quality. Several attributes related to the growth and composition of phytoplankton, such as their community structure, abundance as well as the frequency and the intensity of blooms, are included as indicators of water quality in the Water Framework Directive. The growth and seasonal succession of phytoplankton is regulated by a variety of external as well as internal factors (Reynolds et aI., 1993; Reynolds, 2006) . Among the most important external factors ate light, temperature, and those associated with the supply of nutrients from point and diffuse sources in the catchment. The internal factors include the residence time of the lakes, the underwater light regime and the mixing characteristics of the water column. The schematic diagram (Fig. 14.1) shows some of the ways in which systematic changes in the climate can modulate these seasonal and inter-annual variations. The effects associated with the projected changes in the rainfall are likely to be most pronounced in small lakes with shOlt residence times (see George et aI., 2004 for some examples). In contrast, those connected with the projected changes in irradiance and wind mixing, are likely to be most important in deep, thermally stratified lakes.
Introduction
Phytoplankton, an assemblage of suspended, primarily autotrophic single cells and colonies, forms part of the base of the pelagic food chain in lakes. The responses of phytoplankton to anthropogenic pressures frequently provide the most visible indication of a long-term change in water quality. Several attributes related to the growth and composition of phytoplankton, such as their community structure, abundance as well as the frequency and the intensity of blooms, are included as indicators of water quality in the Water Framework Directive. The growth and seasonal succession of phytoplankton is regulated by a variety of external as well as internal factors (Reynolds et aI., 1993; Reynolds, 2006) . Among the most important external factors ate light, temperature, and those associated with the supply of nutrients from point and diffuse sources in the catchment. The internal factors include the residence time of the lakes, the underwater light regime and the mixing characteristics of the water column. The schematic diagram ( Fig. 14.1) shows some of the ways in which systematic changes in the climate can modulate these seasonal and inter-annual variations. The effects associated with the projected changes in the rainfall are likely to be most pronounced in small lakes with shOlt residence times (see George et aI., 2004 for some examples). In contrast, those connected with the projected changes in irradiance and wind mixing, are likely to be most important in deep, thermally stratified lakes.
In this chapter, we use results acquired from a range of different European lakes to explore the potential effects of climate change on the seasonal development and the composition of phytoplankton. The time-series analysed are amongst the longest available in the region. Some of the lakes studied in CLIME have been sampled at weekly or fortnightly intervals for more than fifty years. These sites also cover a range of lake types from shallow to deep, small to large, and oligotrophic to eutrophic. Geographically the lakes represent the Nordic, Atlantic, Central European and Alpine climatic and eco-regions. Besides specific CLIME sites, examples from other lakes are included where appropriate. Here, we concentrate our attention on the changes observed over the last 30 years, a period of particularly rapid change in most of the catchments selected for study. Issues that greatly complicate the analysis of long-term climate change impact on lakes, are the complementary trends of eutrophication and re-oligotrophication. These management-related problems can, however, be minimized by using appropriate de-trending techniques and drawing comparisons with model siinulations.
The Impact of Changes in the Weather on the Seasonal
Dynamics of Phytoplankton
Winter
In Northern Europe and the Alpine regions of Central Europe, the lakes are usually covered with ice throughout the winter ( Fig. 14. 2). Cold monomictic lakes in the sub-arctic and high alpine areas experience only a short ice-free period in summer, while lakes in maritime areas in Western Europe seldom freeze during the winter. Most recent climate change scenarios suggest that there will be a marked increase 14 in European winter temperatures accompanied by a pronounced extension of the ice-free period (see Chapters 2, 4 and 6, this volume). Large ecological changes have been observed in lakes which have totally lost their winter ice-cover and lakes which were previously covered with ice but have now become temporarily ice-free (Psenner, 2003) . Ohlendorf et aI. (2000) concluded from their observations on a remote high alpine lake that the mere occurrence of an ice-free period, creating a short productivity pulse, was more important than its duration for preserving a climatic signal in the sedimentary record.
During the ice-cover period, especially when there is thick snow on the ice, photosynthesis becomes severely light-limited and most species of phytoplankton sink in the water column despite some convective mixing. Exceptionally, some motile algae like dinophytes (Arvola and Kankaala, 1989; Weyhenmeyer et aI., 1999) , cryptophytes (Arvola and Kankaala, 1989; Phillips and Fawley, 2002) , chrysophytes (Watson et aI., 2001) or flagellated chlorophytes (Arvola and Kankaala, 1989) can concentrate near the surface and give rise to late winter blooms particularly if the ice is clear of snow (Jones, 1991) . In Lake Erken, high chlorophyll a concentrations were recorded both when the spring peak occurred below the ice and after the ice break-up ( Fig. 14.3A) . The relative abundance of diatoms was, however, low when the spring peak occurred below the ice (Fig. 14.3B ), primarily due to the importance of wind mixing for the large diatoms. Winter diatom blooms, like those dominated by the very small Stephanocostis chantaicus in Lake Stechlin, Germany (Scheffter and Padisak, 2000) or by Aulacoseira baicalensis in Lake Baikal (Kozhov, 1963; Kozhova and Ismest' eva, 1998) , are most probably supported by convectional currents (Kelley, 1997; Granin et aI., 1999) . In winter, any nutrients discharged by rivers or released by decomposition in the water column or the bottom sediments accumulate under the ice and allow a more rapid growth of phytoplankton after ice break-up when light conditions improve. In deep lakes there may, however, be some delay due to complete vernal turnover as described in a later section .. In Western Europe, where the lakes are either ice-free or only freeze for a few days inthe year (George, 2007) , the most important winter effects are those associated with the year-to-year variations in the rainfall. In the English Lake District, showed that heavy winter rains tend to transport more dis-. solved reactive phosphate into the lakes but may also reduce the standing crop of phytoplankton by their flushing effect. The ecological response of the lakes to these flushing events is critically dependent on their residence time. in Blelham Tarn, a lake with an average residence time of 42 days, wet winters severely depleted the standing crop of phytoplankton ( Fig. 14.4a ). In contrast, in the North Basin of Windermere ( Fig. 14.4b ), a lake with an average residence time of 185 days, wet winters had no significant effect on the average biomass of phytoplankton. In some lakes, these flushing effects can even influence the composition of the phytoplankton much later in the year by reducing the size of the inocula that produce the early summer maxima.
In the deep perialpine lakes of Central Europe, the internal recycling of nutrients and the subsequent development of the phytoplankton are strongly influenced by the ' "
..
•
..e duration and intensity of vertical mixing in winter and early spr~ng (Salmaso, 2002 (Salmaso, , 2005 Straile et al., 2003) . The occurrence of several consecutive mild winters leads to incomplete mixing in such lakes, which further results in a gradual increase in deep-water temperature and a simultaneous decrease in deep-water oxygen concentrations. These gradual changes can be terminated by the occurrence of an unusually cold winter -or even an average winter, if the deep-water temperature has risen to a sufficiently high level. This then results in deep penetrative mixing, an abrupt fall in deep-water temperature and an abrupt rise in deep-water oxygen concentrations (Livingstone, 1997) . Late winter and early spring may therefore be considered the most critical period in the annual cycle of deep lakes (Salmaso, 2005) . During cold winters with a complete overturn in Lake Garda, total phosphorus concentrations in the euphotic layer exceeded those of milder winters by a factor of three and favoured the development of Mougeotia sp. and Oscillatoriales (Salmaso, 2002 ).
Spring
In lakes covered with ice, the disappearance of snow from the ice and the timing of break-up are crucial events for the development of the spring phytoplankton (Tulonen et al., 1994; Weyhenmeyer et al., 1999; Gerten and Adrian, 2000; Straile and Adrian, 2000) . An earlier spring bloom in years following earlier ice breakup has been observed in lakes Miiggelsee (Adrian et al., 1999) and Erken (Weyhenmeyer et al., 1999) . In Lake Erken, the spring peak of phytoplankton has advanced by about one month over the last 50 years (see Fig. 14.3C) . Here, the timing of the ice-break and • r ,/ .
, . Timing of ice break-up, day of year the timing, composition and magnitude of the spring bloom ( Fig. 14.5 ) depend on the weather experienced in March. In contrast, the duration of the spring bloom and the length of the post-bloom period are primarily controlled by nutrient availability (Blenckner, 2001) . Since the size of the available nutrient pool differs from lake to lake, the decline of spring phytoplankton is not directly linked to the timing of ice break. Early ice-break combined with an early spring bloom may, however, result in an accelerated rate of nutrient depletion and an earlier decline in the early spring phytoplankton (Weyhenmeyer, 2001; Jiirvinen et al., 2006) . Owing to their smaller volumes, reduced heat storage, and shorter residence times, shallow lakes respond in a more direct way to inter-annual variations in the weather. In small, non-stratified, lakes, the climatic 'signal' captured during the spring turnover persists for only a short period of time (Gerten and Adrian, 2000) . In contrast, some large but shallow lakes, like Lake V5rtsjarv, have an extended 'climate memory' and here the meteorological conditions experienced in winter and early spring determine to a large extent both the water level and the dynamics of the phytoplahkton throughout the ice-free period (N5ges, 2004; N5ges et al., 2003) .
In lakes without winter ice-cover, the timing of the spring bloom is not so strictly determined by one climatic variable. The transition period from winter to summer is smoother and the lakes 'integrate' the different elements of the climate signal in functionally different ways. In the lakes of the English Lake District, there is mounting evidence that the spring blooms are appearing earlier in the year. In the four Windermere lakes (Fig. 14.6) this trend is statistically significant only in two basins: the north basin of Windermere and Esthwaite Water. The observed rates of advance (4.2 and 5.8 days per decade) are at the upper end of that reported for the phenology of plants in terrestrial systems (Walther et al., 2002) . The different responses observed in the individual lakes suggest that the timing of this key event is influenced by factors other than the water temperature. Initial analyses suggest . . ..
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• 60 1940 1950 1960 1970 1980 1990 2000 2010 Year that the timing of the bloom is controlled by a combination of factors that include warmer spring temperature, the increased availability of phosphate arid the interannual variations in the rainfall (S.C. Maberly, unpublished). The apparent absence of a similar advance in Blelham Tarn may be attributed to the recently recorded increase in the winter rainfall (George et aI., 2007) and the effect of the increased flushing rate on the development of the spring bloom.
In the deep lakes of Central Europe, spring mixing has a dual effect on phytoplankton development. Besides the replenishing effect of deep mixing on the nutrients in the epilimnion, the downward mixing of phytoplankton into aphotic layers seriously inhibits its growth (Huisman and Weissing, 1994; Steel and Duncan, 1999; Reynolds, 2006) . In Lake Constance, a large and deep perialpine lake that seldom freezes, the onset of the spring phytoplankton bloom is largely controlled by turbulentdiffusion, that is, by the transition from strong mixing in winter and early spring to weak mixing in summer (Peeters et aI., 2007) . Consequently, the onset of the bloom is closely correlated with the onset of thermal stratification, which in turn is determined by a complex interplay between temperature and wind (Peeters et aI., 2007) . Only when the depth of mixing is reduced to ca 40 m, does the improvement in the underwater light climate stimulate a marked increase in net growth rate of the phytoplankton which heralds the start of a bloom, (Peeters et aI., 2007) . A strong control of spring phytoplankton growth by vertical mixing seems to be rather a rule than an exception. As reported by Straile and Adrian (2000) , phytoplankton growth in Lake Constance was inhibited by wind-induced reductions in the underwater light throughout the 16-year period (1979-:1994) covered by their study.
Summer and Autumn
In many of the CLIME lakes, there has been a significant change in the phytoplankton growth patterns observed in early summer. At that time of year, many lakes experience a clear water phase, i.e. a period when the biomass of the phytoplankton declines sharply. In most cases, this decline has been related to zooplank-. ton (Daphnia) grazing. Detailed accounts of this phenomenon have been given for lakes in Northern Europe (Gerten and Adrian, 2000; Weyhenmeyer, 2001; Adrian et aI., 2006 ), Western Europe (TaIling, 2003 and Central Europe (Straile, 2000; Straile and Adrian, 2000; Anneville et aI., 2002a, b) . In warmer years, a biomass of Daphnia, large enough to limit the growth of phytoplankton, is reached earlier in the year and results in an earlier and longer lasting clear-water phase. These effects appear to be lake specific: in shallow Miiggelsee, spring water temperatures and Daphnia abundance both increased more rapidly than in large, deep Lake Constance. Consequently, the clear water phase started about three weeks earlier in Miiggelsee than in Lake Constance (Straile and Adrian, 2000) . The climatic responses observed in autotrophic species may not, however, be mirrored by heterotrophic species (Blenckner, 2005) since the processes responsible for the decay and recycling of the autotrophs are often lake specific. For example, in Lake Stechlin, spring diatoms simply sink as soon as the lake starts to stratify and the clear water phase is not connected with any grazing effects (Padisak, et aI., 2003b) . In some cases, the processes responsible for the breakdown and decomposition of the cells are markedly non-linear whilst in others they have critical thresholds. Cell death through parasitism may also account for significant proportion of phytoplankton loss in many lakes (Jassby and Goldman, 1974) . At some sites, causal links have been established between the meteorological conditions experienced in winter or early spring and events in the plankton the following summer. In large and shallow Lake V6rtsjarvin Estonia (270 km 2 , mean depth 2.8 m), large year-to-year differences in the water level have a very pronounced effect on the development of the phytoplankton (N6ges, 2004; N6ges et aI., 2003) . The magnitude of the spring floods, determined largely by the winter air temperature and precipitation, explains most of the variability in annual mean water 14 The Impact of Variations in the Climate on Seasonal Dynamics of Phytoplankton 261 levels (R 2 = 0.85, p < 0.0001). When the level is low, the water is enriched with phosphorus by sediment resuspension and there is an associated reduction in the nitrate concentration due to denitrification. Since 1964, the phytoplankton biomass has been significantly lower in years of high water level, a pattern that was not related to any change in external loading of nutrients. These fluctuating water levels have also had an effect on the qualitative composition of the phytoplankton. During high-water periods, Limnothrix redekei and L. planktonica have typically accounted for more than 90% of the total wet weight of phytoplankton, which has remained under 30 g m-3 , even when the external nutrient loading was high. Limnothrix species can, by virtue of their shape and photoadaptive properties, maintain much higher growth rates than most other species when light levels are low (Gibson, 1987; Rucker et aI., 1997) . During low-water periods, the wet weight of phytoplankton has often exceeded 30 g m-3 and even reached a 100 g m-3 in the 1970s. During the 1990s and 2000s, low-water periods have also been characterized by an increase in the nitrogen-fixing species, Aphanizomenon skujae. Compared to Limnothrix, Aphanizomenon species need higher light levels (Foy et aI., 1976) and are favoured by increased illumination in shallow water. Nitrogen fixation, recur" rently measured in Lake V6rtsjiirv in summers with low water levels, has likely been triggered by increased nitrogen losses due to denitrification (T6nno and N6ges, 2003) .
In Lake Geneva (AnneviIIe et aI., 2002a, b), the increase in the spring phytoplankton in warmer years, together with the decrease in phosphorus loading, have led to an earlier and more pronounced depletion of phosphorus in the productive layer. By mid-summer, the P-depleted layer often extends below the depth where the availability of light is the limiting factor (15-25 m). In these conditions, the midsummer community is dominated by a complex of species, which are well adapted to low light levels and shorter days (e.g., Mougeofia gracil(ima and Diatom a tenuis). Species of this shape and size have an obvious competitive advantage when nutrients are low, due to their large surface to volume ratio and their size which renders them less vulnerable to grazing by zooplankton. Thus, these large species can survive and eventually achieve a greater biomass despite their relatively slow growth.
The most important weather-related effect observed in many of the CLIME lakes was the change in the timing of thermal stratification and the consequent extension of the summer growth period. These effects were particularly pronounced in Northern Europe where the extension of the growing season in several mesotrophic lakes mimicked the effects commonly associated with eutrophication. For example, in Lake Erken, Sweden, the oxygen concentrations recorded in the hypolimnion in late summer are critically dependent on the length of the stratification period and the transfer of heat into the deep water (Petters son et aI., 2003) . A comparison of the oxygen concentrations measured in the hyplimnion in a series of relatively cold (1975) (1976) (1977) (1978) (1979) and relatively warm (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) summers showed that the concentration in August decreased from an average of 4.2 mgl-I to an average of 2.5 mg I-I (data for 15 m depth differed significantly p < 0.05). This reduction was, in turn, responsible for a sustained increase in the concentrations of phosphate and ammonium in the hypolimnion and an intensification of internal nutrient cycling (Chapter 15 this volume). A very similar deterioration in the quality of the water was observed in Heiligensee, a hypeutrophic lake in North Germany. Here, time series analyses for the period 1975-1992 showed an abrupt change in the structure of the phytoplankton community, centred on the late 1980s and early 1990s (Adrian . et at, 1995) . In Heiligensee, the earlier onset and longer duration of thermal stratific cation influenced the system in two different ways: (i) There was a rapid collapse of the spring diatoms as soluble reactive silicon was depleted and more cells were lost through sedimentation. (ii) There was a marked increase in the concentrations of phosphorus recorded in the hypolimnion at the end of summer that explained 69% of the variation in maximum algal standing stock recorded in the autumn.
In Western Europe, the growth patterns recorded during the summer have also changed in asystematic way. In the English Lake District, samples for chlorophyll analysis have been collected from four lakes at weekly or fortnightly intervals since 1964 (Tailing, 1993) . In these lakes, the growth cycle follows a 'diacmic' pattern with well defined maxima in the spring and summer. Despite this intensive sampling, the duration of the summer growth period can still only be estimated by fitting a Gaussian model to the raw observations. The model used has been described by George and Hurley (2004) and is based on fitting two Gaussian curves to the logarithm of the chlorophyll measurements:
where t is the proportion of time that has elapsed from a defined starting date (31 December) and a 2 is a measure of the duration of the summer growth period. Figure 14 .7 a show the result of fitting this model to some example results for 1988. The samples were collected from the North Basin of Windermere, a relatively unproductive lake with a maximum depth of 60 m. Here, the fitted model explained a high proportion of the observed variation and provided a reliable measure of the 'summer growth' parameter (a2). Figure 14 .7b shows the long-term change in the value of this parameter. In'the 1970s and 1980s this parameter remained relatively constant,but it increased sharply in the 1990s. The Cumulative Sum (CuSum) plot in Fig. 14:7c . shows that the pivotal year was 1993. An analysis of the internal and external factors responsible for this change showed that the key factor was the . increased physical stability of the lake. Figure 14~7d is a CuSum plot of the change in the 'summer stability, as measured by the index described by Schmidt (1928) . Statistical tests showed that the value of the a2 parameter only exceeded the 'control limits' in 1993, i.e. the year when there had been a marked increase in the summer stability of the lake. The phytoplankton species that dominate the open water in late summer are particularly responsive to the extension of the growing season. Most of . these species grow quite slowly, so an additional cell division in late summer can have a major effect on their maximum biomass. , The other factor influencing the development of some slow growing species is the short-term variation in the intensity of wind-induced mixing. The lakes situated on the western seaboard of Europe are particularly sensitive to these physical effects (George, 2000a) . In the more productive lakes in the English Lake District, the seasonal succession of phytoplankton follows a remarkably predictable pattern (Reynolds, 2006) . The first species to dominate are mostly diatoms which are then replaced by motile flagellates. These small forms have high rates of growth but can only survive if the water column is periodically mixed by the wind. When the water is warm and there is relatively little wind, slow growing forms like the bloom forming species of cyanobacteria become dominant. Figure 14 .8 shows the effect that year-to-year changes in the weather had on the growth of the blue-green alga Aphanizomenon in Esthwaite Water between 1956 and 1972. Once the time-series had been de-trended to remove the effects associated with enrichment, there was a striking correlation (r= 0.82, p < 0.001) between the summer abundance of the Aphanizomenon and the stability of the lake. The factors influencing the growth of Fig. 14.8 The relationship between the abundance of Aphanizomenon in Esthwaite Water and the stability of the water column in summer . .The Aphanizomenon time-series was de-trended to minimise the effects of progressive enrichment. The stability was calculated using the procedure described by Schmidt (1928) P. Noges et al. Aphanizomenon in Esthwaite Water have been discussed in more detail by George et al. (1990) and George (2000b) . The pattern described is quasi-cyclical and appears to be governed by the position of the Gulf Stream in the eastern Atlantic. The results of a recent mixing experiment in Lake Nieuwe Meer, a hypertrophic lake in the Netherlands, demonstrates that quite short periods of reduced mixing can have a major effect on the growth of bloom-forming cyanobacteria (Johnk et aI., 2008) . This experiment was conducted during the hot summer of 2003 and showed that the summer. heatwave was the main factor responsible for a dense Microcyslis bloom. Simulations with a coupled hydrodynamic-phytoplankton competition model showed that high temperatures favoured cyanobacteria both directly, through increased growth rates, and indirectly, by reduced turbulent mixing .. The European summer heatwave of 2003 is considered by many to be a prototype of future summers in the region. Results of this kind imply that, whilst high air temperature per se has an effect on the growth of these species, it is the combination of high temperatures and reduced wind-speed that provides the conditions necessary for the appearance of dense surface blooms.
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The growth and development of the autumn phytoplankton is also critically dependent on the mixing characteristics of the lakes. In stratified lakes, the high nutrient concentrations that accumulate in deep water during extended stagnation periods (Adrian et ai., 1995) can promote strong water blooms when the overturn starts (Petters son et aI., 2003; Kangro et ai., 2005) . In polymictic lakes, such as Peipsi and V6rtsjiirv, phytoplankton biomass usually increases during the autumn and only declines after the lakes start to freeze (N6ges et ai., 2004) . When the ice7cover is late, the biomass peak appears later and, since the cells sink slowly in cold water, higher than average biomasses may be recorded for as long as two months after the lakes have frozen. Very deep lakes may have even longer lasting 'memories' of.antecedent conditions and extreme climatic events (Chapter 17 this volume). There is even evidence to suggests that the meteorological conditions experienced during the winter can affects the phytoplankton in the following s'ummer and autumn but the mechanisms are complex and not yet clear ).
The Impact of Climate Change on the Structure of the Phytoplankton Community

Phytoplankton Species Favoured by Climate Change
Climate can be considered the major factor determining the distribution of species at a continental scale (Pearson and Dawson, 2003) . Small variations in climate can have dramatic effects on biota, especially in extreme habitats, where many species live at the limit of their environmental tolerances. Distribution, composition and species diversity of diatoms in Sub-arctic Lapland are strongly regulated by temperature and other climate-related factors (Weckstrom and Korhola, 2001; Sorvari et al., 2002) . Global warming is projected to cause a northward extension of those species that are better adapted to higher temperatures. As an example, the bloom-forming cyanobacterium Cylindrospermopsis raciborskii is causing increasing concern because of its potential toxicity and invasive behavior at middle latitudes (Padisak, 1997; Briand et al., 2004; Paerl and Huisman, 2008) . C. raciborskii, originally classified as a tropical to subtropical spedes with a higher temperature optimum than most cyanobacteria (Gorzo, 1987) , has now been reported in several Central European countries, such as Hungary (Toth and Padisak, 1986) , Austria (Dokulil and Mayer, 1996) , France (Coute et al. 1997) , Germany (Krienitz and Hegewald, 1996; Sttiken et al., 2006) and Poland (Stefaniak and Kokocynski, 2005) . In Lake Balaton C. raciborskii blooms now appear in years when summer temperatures are significantly higher than average and there is an active P-pool in the sediments (Padisak, 1998) . In the consecutive dry years 2000-2003, the temperature requirements of the species were fulfilled but the sedimentary. P-pool must have been insufficient since no increased growth was actually observed (Padisak et al., 2006) .. The increased incidence of metalimnetic or upper hypolimnetic maxima of the cyanobacterium Pfanktothrix rubescens (considered conspecificwith P. agardhii by Humbert and Le Bene, 2001 ) is another phenomenon reported. from many stratified lakes (Dokulil and Teubner, 2000; Davis et al., 2003; Teubner et al., 2003 Teubner et al., , 2006 Padisak et al., 2003a; Anneville et al., 2004; Jacquet et al., 2005; Salmaso, 2005) . This species is particularly efficient at harvesting light due to its high phycobiliprotein content (Bright and Walsby, 2000; Greisberger and Teubner, 2007) and ability to optimize its position in the water column (Reynolds et al., 1987) . Walsby and his coauthors (Walsby, 2005; Walsby et al., 2006 ) used a modelling approach to demonstrate that the ability of the Planktothrix rubes'cens to stratify in Lake ZUrich was related to the size and shape of its filaments; which respond to the irradiance by changing their density. This model was also used to explain the Burgundy-blood phenomenon sometimes observed in Lake ZUrich in November and December when, after deeper mixing and lower insolation, Planktothrix filaments become buoyant and float to the surface in subsequent calm periods.
Since the 1950s, the eutrophication of many deep, alpine lakes has led to the progressive suppression of Planktothrix, as the light reaching the metalimnion became insufficient (Sas, 1989) . The recent success of P. rubescens in a number of lakes is most probably caused by a synergetic effect of increased transparency due to the reduction in the phosphorus loads, the deepening of the P-depleted zone and increased water column stability (Anneville et aI., 2005; Jacquet et aI., 2005; Teubner et aI., 2003 Teubner et aI., , 2006 . The physiological shift from autotrophic to photoheterotrophic metabolism seems to be crucial for the suc.cess of the P. rubescens layers that develop below the compensation point. There is also experimental evidence to suggest that acclimatisation to dim-light stimulates the uptake of organic compounds by P. rubescens (Zotina et aI., 2003) .
The depth of winter mixing affects the development of P. rubescens in a nonlinear way. BUrgi and Stadelmann (2002) suggested that deeper mixing in Lake Sempach (maximum depth 87 m) enhanced the competitiveness of the species by extending the low irradiance zone (see. also Bright and Walsby, 2000; Greisberger and Teubner, 2007) . However, if the mixing depth exceeds the mean critical pressure depth around 90 m, the gas vesicles in this species collapse (Walsby et aI., 1998; Bossard et aI., 2001) . That observation supports the suggestion made by Anneville et al. (2004) that reduced winter mixing (to 60-100 m) in Lower ZUrich lake (maximum depth 136 m) in the 1990s may have contributed to the increased abundance of P. rubescens during winter. These examples suggest that phytoplankton composition is more sensitive to climate change than is overall phytoplankton biomass. As a result, year-to-year variation in weather may cause synchronous changes in phytoplankton composition over a wide geographical area but smaller effects on biomass.
In some of lakes studied in Central and Northern Europe, recent reductions in their nutrient loads and their subsequent re-oligotrophicationfurther complicates the analysis of change. Jankowski et al. (personal communication) . analysed the simultaneous effects of re-oligotrophication and climate variability on phytoplankton diversity using data from CLIME lakes in Central and Northern Europe. They found that lake restoration, i.e. a reduction in the phosphorous loads, has resulted in an increase in phytoplankton diversity. Over the last 25 years, the number of genera reported from these lakes has increased by 20-70%. This trend appears to be universal and was not related to the trophic status of the lakes.
Discussion
Our study on the response of phytoplankton to climatic change across lakes in Europe has shown that systematic changes in the weather have already had a significant effect on the seasonal dynamics of phytoplankton at a number of CLIME sites. Many of these changes can be directly related to observed large-scale changes in the climate and regional variations in the circulation of the atmosphere. In winter, the most important effects were those associated with the inter-annual variations in the North Atlantic Oscillation (Chapter 17, this volume), i.e. the duration of ice-cover, rainfall, and wind-induced mixing. In summer, these effects were less pronounced but the dynamics of the thermally stratified lakes was then influenced by the yearto-year variations in the number of warm days with very little wind (Chapter 16 this volume) that had a strong effect on bloom forming cyanobacteria.
In the late 1980s, the atmospheric pressure gradient quantified by the NAO winter index changed in a systematic way with the index remaining in its posit~ve (mild winter) phase for several years in succession. This shift was accompanied by a major change in the lake temperature regimes observed over most of Europe (Chapter 6 this volume). This effect was most pronounced in 1988 and was manifested as an upward jump separating the earlier 'cold' period from the following 'warm' period (Adrian et aI., 1995; Weyhenmeyer, 2001; Weyhenmeyer et aI., 2002; Anneville et aI., 2005) . In some cases, the effects of these mild winters could be detected much later in the year, e.g. when the earlier ice break-up and warming led to an earlier onset of stratification and the growth of summer phytoplankton. In the large lakes of Sweden, for example, the 'shift' recorded in the early 1990s resulted in an extension of the growing season by at least one month (Weyhenmeyer, 2001) . Different phytoplankton groups responded differently to this sudden warming. Although there was no increase in the total biomass recorded between May and October, the biomass of temperature-sensitive groups, such as the cyanobacteria and chlorophytes, increased iri spring and'early summer. Very similar patterns have been observed in a series of 17 lakes studied in Switzerland, Germany, Sweden and the UK. When the composition of the phytoplankton was compared in two contrasting years (1987 and 1989) , much higher biomasses were recorded during the warm winter of 1989 (Weyhenmeyer et aI., 2002) . Cyanobacteria were most affected, and their annual mean biomass increased by a factor of as much as 100 when the two extreme years were compared . .several recent studies Huisman, 2008, 2009; JOhnk et aI., 2008) have shown that climate change is a potential catalyst for the further expansion of harmful cyanobacteria in eutrophic lakes. Rising temperatures, reduced cloud cover in combination with high nutrient loading all favor cyanobacterial dominance. Blooms increase the turbidity of lakes, can deplete oxygen levels, and often produce a bad smell. Moreover, many species of cyanobacteria can produce toxins that can cause serious liver, digestive, neurological, and skin diseases in animals as well as humans. More studies are needed on the factors influencing the development of toxic versus non-toxic strains of cyanobacteria. It has recently been shown that competition between toxic and non-toxie strains of Microcystis is strongly influenced by the light regime experienced in the critical spring-summer period (Kardinaal et aI., 2007) .
The effects associated with the inter-annual variation in the summer weather were most pronounced in the more productive lakes of the English Lake District. Here, short-term changes in the stability of the water column had a major effect on the seasonal development of bloom-forming species of cyanobacteria, such as Anabaena,
Aphanizomenon, and Microcy~'tis. In the last forty years, there has been a significant increase in the number of calm, anticyclonic days recorded in this region during the summer (Briffa et ai., 1990) . George (2006) has shown that these changes have had a direct effect on the physical stability of the lakes and an indirect effect on the seasonal development of the plankton (George and Taylor, 1995) . Such 'extreme . events' have also had some effect on the seasonal development of the phytoplanktoil in larger, less productive lakes. For example, in 2002, the warmest summer ever recorded in northern Europe, the increased thermal stability of Lake Malaren in Sweden resulted in a greatly increased consumption of oxygen in deep water, much higher concentrations of nutrients in the hypolimnion and nutrient depletion in the surface water. In autumn, the sudden transfer of nutrients from deep water, combined with the high water temperatures, resulted in an unusually intense bloom of cyanobacteria. The severity of these blooms may also have been influenced by the rainy periods experienced the preceding year. These periods led to a distinct increase in the chemical loading of Lake Malaren and an associated increase in the colour of the water (Weyhenmeyer et aI., 2004) . Significant increases in lake water colour and DOe concentrations have recently been reported from a number of European lakes (see Chapter 12 this volume). Such changes are known to have a positive feedback effect on lake surface temperatures and can lead to the development of steeper and longer lasting periods of thermal stratification as more heat is absorbed near the surface. High concentrations of phytoplankton also act as an optically active substance in the water, absorbing and scattering the down welling irradiance and storing more heat in the upper part of the water column (Arst, 2003; Paerl and Huisman, 2008) . The surface temperature withincyanobacterial blooms in Lake IJsselmeer, Netherlands, was 3"C above ambient waters (Ibelings et ai., 2003) . This could represent an important positive feedback mechanism, whereby buoyant cyanobacteria locally enhance surface temperatures, which in turn favors their competitive dominance over eukaryotic phytoplankton (Rense, 2007) . Summer heat-budget calculations for two large enclosures installed in Blelham Tarn (English Lake District) demonstrated convincingly that more heat was absorbed near the surface and more lost by nighttime cooling in the enclosure when the concentration of phytoplankton was very high (Jones et aI., 2005) . In this enclosure, the increased absorption of solar radiation at the surface and the decreased penetration of light both raised the thermocline and strengthened the temperature gradient. The authors suggested that these changes would have quite a complex effect on the algae by increasing their growth rates in the mixed layer whilst reducing the overall depth of the euphotic zone. The importance of water clarity relative to wind mixing in determining the mixing depth or the depth of thermocline or mixing decreases with increasing lake size and has little effect on lakes with a surface area greater than 5 km 2 (Fee et ai., 1996) . As the world becomes warmer, the consequent intensification of stratification is likely to increase the depletion of oxygen in deep water, inhibit the transfer of nutrients from the hypolimnion and limit the veltical movement of passively floating algae. Analyses of the kind reported here, where changes in the composition and seasonal dynamics of lake phytoplankton are related to long-term changes in the climate have inherent strengths and weaknesses. In some cases, the processes 14 The Impact of Variations in the Climate on Seasonal Dynamics of Phytoplankton 269 responsible for this linkage are quite clear but in others this is still a matter for some speculation. These observations are, however, very useful for validating the results of simulation models (Chapter 15 this volume) and quantifying the impact of extreme climatic events. In many CLIME lakes, the observed changes in the phytoplankton could be related unequivocally to changes in the physical characteristics of the lakes. The main weakness of the observational approach is that there are several interfering processes such as eutrophication, reoligotrophication, changes in acid deposition and so on, that go on in parallel with the climatic variations and influence the growth of the phytoplankton in similar ways. The sensitivity of phytoplankton communities to climatic signals is further complicated by issues such as geographic location, lake type and the trophic status of the individual lakes. In this respect, the spatial coherence analyses described in Chapter 17 can prove most illuminating especially if combined with the functional group approach advocated by e.g. Reynolds et al. (2002) . The studies carried out on a homogenous set of perialpine lakes (Anneville et aI., 2004 (Anneville et aI., , 2005 ) represent a good example of this approach but the data sets acquired from other regions are still underexploited.
